Abstract: The design of a peptide that contains two distinct elements of secondary structure, helix and b-hairpin, is described. Two designed 17-residue peptides: Boc-Val-Ala-Leu-Aib-Val-AlaLeu-Gly-Gly-Leu-Phe-Val-d-Pro-GlyLeu-Phe-Val-OMe (I) and Boc-LeuAib-Val-Ala-Leu-Aib-Val-Gly-GlyLeu-Val-Val-d-Pro-Gly-Leu-Val-ValOMe (II) have been conformationally characterized by NMR spectroscopy. Peptides I and II contain a seven-residue helical module at the N terminus and a eight-residue b-hairpin module at the C terminus, which are connected by a conformationally flexible Gly-Gly segment. The choice of the secondarystructure modules is based upon prior crystallographic and spectroscopic analysis of the individual modules. Analysis of 500 MHz 1 H NMR data, recorded as solutions in methanol, suggests that the observed pattern of chemical shifts, 3 J HNÀC a H values, temperature coefficients of the NH chemical shifts, and backbone inter-residue nuclear Overhauser effects favor helical structures for residues 1 ± 7 and b-hairpin structures for residues 10 ± 17. The spectroscopic data are compatible with termination of the helical segment by formation of a Schellman motif; this restricts Gly(8) to a lefthanded a-helical conformation. Gly (9) is the only residue with multiple conformational possibilities in f,y space. Possible orientations of the two secondary-structure modules are considered. This study validates the use of stereochemically rigid peptide modules as prefabricated elements in the construction of synthetic protein mimics.
Introduction
In protein structures, distinct secondary structural elements, such as helices and strands, are assembled into a compact fold that is stabilized by a complex network of tertiary interactions. The driving force for the compaction of protein sequences is solvophobic in nature, with nonpolar side chains tending to cluster in the interior of globular structures and the consequent exclusion of the solvent, water, from the protein core. [1] In attempts to design synthetic polypeptide mimics for protein structures, a specifically designed patterning of polar and apolar residues along the synthetic sequence is generally employed in order to direct the orientation of secondarystructural elements.
[2] These approaches have led to significant success in the design of synthetic helical bundles that possess specific binding and catalytic properties.
[3] Recent work has also emphasized the importance of specific b-turn segments in nucleating b-hairpins and multistranded, b-sheet structures.
[4] Unlike native proteins, the designed structures possess poorly packed interiors and generally resemble molten globule states in their physical properties. [5] We have been pursuing an alternate approach to the construction of complex polypeptide structures, in which a primary goal has been to design molecules of defined shape that are soluble in poorly interacting organic solvents. In this approach, the driving forces that determine polypeptide-chain folding are enthalpic in nature and consist primarily of hydrogen bonding and van der Waals interactions. The key to this strategy is the ability to construct well-defined units of secondary structure, such as helices, reverse turns, and hairpins. Subsequent assembly of these relatively rigid, prefabricated modules of secondary structures can, in principle, be achieved by careful choice of linking segments. The construction of complex polypeptides by using well-defined conformational modules may be termed a ªMeccano-or Lego-set approachº to peptide design.
[6] The construction of individual elements such as helices and b-hairpins may be achieved by using conformationally constrained amino acids to nucleate specific backbone conformations. [7] Peptide helices (3 10 /a) are readily obtained by incorporation of a,adialkylated amino acid residues, [7±9] most notably a-aminoisobutyric acid (Aib). Aib-containing peptides have been extensively investigated, and cylindrical helical conformations have been well characterized by X-ray diffraction in peptides ranging in length from 7 ± 16 residues. [7, 8] b-Hairpins are generated by positioning a central d-Pro-Gly segment in a synthetic sequence.
[10] The tendency of d-Pro-Xxx sequences to adopt type II' b-turn conformations is important for nucleation of a tight turn of appropriate stereochemistry; [11] this then facilitates hairpin formation, stabilized by crossstrand hydrogen bonding. Indeed, b-hairpins have been observed in crystals of a synthetic octapeptide with a central d-Pro-Gly sequence.
[10d] The use of multiple d-Pro-Xxx segments for the nucleation of three-and four-stranded bsheets has also been reported. [4c,e,f] In this report, we examine the conformations of characterized helical and hairpin segments that are connected by a glycylglycine (Gly-Gly) linking segment. This study has been undertaken to establish the conformational integrity of the individual modules when they are inserted into larger structures. Two 17-residue sequences: Boc-Val-Ala-Leu-AibVal-Ala-Leu-Gly-Gly-Leu-Phe-Val-d-Pro-Gly-Leu-Phe-ValOMe (I) and Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Gly-GlyLeu-Val-Val-d-Pro-Gly-Leu-Val-Val-OMe (II) have been chosen for spectroscopic analysis. The helical module used in peptide I, Val-Ala-Leu-Aib-Val-Ala-Leu, has been extensively characterized in crystals of peptides of varying lengths. [12] This module contains only a single, centrally positioned Aib residue. As a consequence, it possesses some degree of conformational fragility. The helical module used in peptide II, Leu-Aib-Val-Ala-Leu-Aib-Val, which contains two helix-stabilizing Aib residues, has been conformationally characterized by X-ray diffraction in crystals of two decapeptide sequences: Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-LeuAib-OMe and Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-d-Ala-dLeu-Aib-OMe. [13] A superposition of the observed helical fold for the module is shown in Figure 1a Val, which is analogous to the hairpin module in peptide II, has been shown by NMR spectroscopy to adopt a b-hairpin structure (unpublished results). The choice of Gly-Gly as the linking segment was dictated by the possibility that the achiral Gly residue at position eight would act as a helix terminator by facilitating formation of the Schellman motif; [14] this requires positive f,y values in the left-handed helical (a L ) region of conformational space. [15] Gly(9) would then, in principle, be the sole conformationally flexible residue in the two peptide sequences. The NMR results described in this paper establish that both helical and hairpin modules retain their conformational integrity and that a relatively small number of conformational possibilities occur at Gly(9); this determines the spatial orientation of the two rigid modules of secondary structure.
Results and Discussion
Peptides I and II were freely soluble in a variety of organic solvents. In chloroform, both peptides had NMR spectra that revealed significant overlap of NH resonances and some evidence for aggregation-induced broadening of resonances. In dimethyl sulfoxide, peptide II had a well-resolved 1 H NMR spectrum. However, preliminary studies revealed that several expected inter-residue NOEs, characteristic of hairpin segments, were absent. In methanol, both peptides had wellresolved 1 H NMR spectra with excellent dispersion of NH and C a H resonances. The observed line widths suggest the absence of aggregation effects. The detailed conformational analysis of peptides I and II is therefore restricted to methanolic solutions. Sequence-specific assignments of backbone-and side-chain-proton resonances were readily achieved by using a combination of TOCSY and ROESY/ NOESY experiments. The relevant chemical shifts and coupling constants are summarized in Table 1 . Figures 2 and 3 illustrate nuclear Overhauser effects observed between backbone protons of I and II, respectively. In helical segments, Table 1 . Characteristic 1 H NMR parameters for peptides I and II.
[a] (14)] in peptides I and II. In addition, the extended strand segments are expected to exhibit strong inter-residue d aN connectivities. Inspection of the spectra in Figures 2 and 3 reveal that all the crucial backbone connectivities expected for the helical and hairpin segments in both peptides are, indeed, observed. The NOE data that relate intra-residue and sequential backbone protons for both peptides are schematically summarized in Figure 4 . Clearly, the characteristic NOEs expected for helices are present across the segment that contains residues 1 ± 7, while the diagnostic NOEs for b-hairpins are observed for the segment 10 ± 17. Figure 5 illustrates the crossstrand C a H > C a H NOE between residues 11 and 16 in the C-terminal hairpin of both peptides.
The backbone 3 J HNÀC a H coupling constants listed in Table 1 establish that low values of J ( 6.4 Hz) are observed for residues 1 ± 6 in both the peptides. Significantly higher vicinalcoupling constants ( 3 J 7.5 Hz) are observed for the C-terminal residues; this suggests that the N-terminal-helical and C-terminal-strand segments are clearly delineated. [16] The NMR evidence presented thus far supports the original premise behind our design strategy: that the chosen modules of secondary structure would retain their conformations in a larger assembly. A critical question which arises at this point is the nature of the conformation of the Gly-Gly segment, which will ultimately define the orientation of the two modules.
In order to probe the possible involvement of the Gly NH groups in intramolecular hydrogen bonding, the temperature dependence of NH chemical shifts in methanol were determined.
[16a, 17] The observed temperature coefficients are summarized in Table 1 .
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); this suggests that they are involved in intra- molecular hydrogen bonding. Residue 5 has a moderately high dd/dT value; this indicates greater solvation of the helix in this region. In the hairpin segment (residues 10 ± 17), the NH groups of residues 10, 15, and 17 have relatively low coefficients, suggestive of their participation in cross-strand interaction. The NH groups of residues 11, 14 (ªi 2º residue of the b-turn), and 16 are expected to be exposed to solvent and, indeed, exhibit extremely high dd/dT values. The NH groups of Val (12) , to some extent, and Val (17) in peptide II exhibit moderately high dd/dT values; this may indicate some solvent invasion of the b-hairpin. A hydroxylic solvent, such as methanol, may be expected to compete for hydrogen bonding.
A qualitative idea of the involvement of peptide NH groups in intramolecular hydrogen bonds was also obtained from an H/D exchange experiment [16a, 17] carried out by dissolving the peptides in CD 3 OD. Figure 6b shows the course of the disappearance of the NH resonances in peptide II. The NH groups involved in helical hydrogen bonding: Val(3), Ala(4), Aib(6), Val(7), and, to a lesser extent, Leu(5) exchange at a slower rate than the remaining NH groups. In the hairpin segment, Val (12) and Val (17) , which are expected to be internally hydrogen bonded, have lower rates of exchange. The behavior of the Val(11) and Val(16) NH groups is anomalous. It should be noted that the anomalous exchange rates and solvent dependence of NH chemical shifts in extended strands may be a consequence of the proximity of the CO group of the same residue in ªstretched outº conformations. Indeed, the C 5 interaction has been considered to be a hydrogen bond in fully extended peptides. [18] Stereoelectronic considerations would dictate the approach of solvent to NH groups in such a situation, with the approach of a solvent molecule being impeded by the proximal carbonyl group. [10f, 19] A similar experiment carried out with peptide I (Figure 6a ) reveals that two of the NH groups that are expected to be involved in cross-strand hydrogen bonding, those on Val(12) and Val(17), exchange slowly. In this peptide as well, the Phe(11) NH exchanges anomalously slowly. Interestingly, in peptide I, the helical segment that contains only a single Aib residue at the 4-position is appreciably more fragile, with the NH groups of Leu(3) and Aib(4) exchanging rapidly. Indeed, the Val(5) NH is the only group in this segment to exchange very slowly. Studies of the isolated heptapeptide module Boc-Val-Ala-Leu-Aib-Val-Ala-LeuOMe have indeed demonstrated significant fragility of the helix in crystals and in solution. [20] Most importantly, a crystal structure determination of peptide I reveals that the two N terminus residues, Val(1) and Ala(2), adopt unfolded, extended conformations and are involved in intermolecular hydrogen-bond formation in the solid state. [21] The integrity of the b-hairpin in peptide I is also supported by the observation of a resonance anomalously shifted to high field that corresponds to the H2/H6 protons of Phe(16) (inset, Figure 7 ). Such a shift of the Phe ring protons is possible only if there is a strong cross-strand interaction that allows the ring current of one of the Phe residues to influence the chemical shifts of the proximal aromatic protons. A schematic conformation for the hairpin segment, based on the crystal structure of peptide I, [21] is shown in Figure 7 . The significant upfield shift suggests that the majority of the residues 10 ± 17 are in a b-hairpin conformation in peptide I.
The Gly(8) NH has very little temperature dependence of chemical shifts. The observed dd/dT values for this residue in both peptides I and II strongly support structures in which the NH group is solvent shielded; this suggests that the helical hydrogen-bonding pattern extends to the NH group of Gly (8), a feature which implies a helical conformation at the preceding residue. Interestingly, the Gly(9) NH also has a low dd/dT value, consistent with its involvement in intramolecular hydrogen bonding. In the anticipated structure, Gly(8) is expected to adopt a left-handed helical (a L ) conformation, this results in helix termination by formation of a Schellman motif. [14, 15, 22] In such a structure, the Gly(9) NH should be involved in a 6 3 1 hydrogen bond with the CO group of residue at the 4-position. The NMR data thus support helix termination by Gly(8) forming the site of chiral reversal. In the crystal structures of peptides that adopt the Schellman motif, the dihedral angle, f(NÀC a ), of the Thr(1) residue is considerably larger in magnitude ($ À 1008). Interestingly, in both peptides, the J HNÀC a H for residue seven is significantly greater ($ 7 Hz) than the values observed for the preceding residues in the helix.
Possible conformations:
The NMR results clearly establish that residues 1 ± 7 in both peptides I and II adopt a largely helical folding pattern, while Figure 7 . Model for the b-hairpin component of peptide I built with f and y values obtained from the crystal structure, [21] which illustrates the orientation of aromatic residues in the strands. Inset: the upfield shift of the Phe(16) ring protons, H2 and H6, marked with an asterisk. ) were dissolved in 500 mL of precooled CD 3 OD (at 270 K for peptide I; 277 K for peptide II), and the one-dimensional spectra at different time intervals were acquired as indicated. The lowest spectra in a) and b) correspond to the spectra of peptides I and II recorded in CD 3 OH at 270 and 277 K, respectively. The letters correspond to the standard abbreviations for amino acids with U for Aib. residues 10 ± 17 favor a b-hairpin conformation. The helical segment in peptide I is considerably more fragile; this suggests solvent invasion of the backbone. The solvent-shielded nature of the Gly(9) NH group constrains Gly(8) to an a L conformation (f $ 608, y AE 308). The orientation of the helical and hairpin segments are then determined solely by the conformation at Gly(9). Four major conformational possibilities may be envisaged at this residue:
, which lie in the four quadrants of the Ramachandran map.
[23] The b and b' conformations become closely related as the residue approaches a fully extended conformation (f $ 1808, y $ 1808). Figure 8 illustrates ribbon Figure 8 . Four distinct stereochemical alternatives for the helix-linker hairpin peptides, I and II. Ribbon representations of the backbone conformations are highlighted. This figure was generated by using the program MolMol. [32] Idealized backbone f and y values at Gly 9 (a L 658, 358; a R À 658, À 358; b À 1508, 1508; b' 1508, À 1508) were used to arrive at these models. In all these cases, Gly (8) was fixed in the ideal a L conformation. Residues 1 ± 7 were placed in the a R conformations, while for residues 10 ± 12 and 15 ± 17, ideal extended strand values of f À 1308 and y 1308 were used. The b-turn segment at residues 13 and 14 was fixed in ideal type II' geometry (f i1 6088, y i1 À 1208; f i2 À 808, y i2 08).
representations of the molecule; these were obtained by using idealized values for Gly(9) in the four broad conformational regions. The Gly-Gly linker conformations a L b and a L b' lead to very similar overall folds. The a L a L conformation, however, leads to a different orientation of the strands with respect to the helix, while the a L a R linker results in a distinct orientation. In three of the conformational families, the b-hairpin axis and the helix axis are orthogonal, while the a L a R linker results in a more elongated conformation in a direction parallel to the helix axis. Significantly, a crystal structure determination of peptide I reveals the a L b' conformation at the linking Gly-Gly segment, with the helical and hairpin segments lying perpendicular to one another. [21] The possibility that the peptide can assume a more compact structure than the conformations illustrated in Figure 8 is excluded, because there is only a single linking residue, Gly(9), between the two secondary structure segments. The NMR data show that the conformations of Gly(8) are constrained. At the present level of analysis, the possibility of dynamic interconversion between the conformational families cannot be excluded. Circular Dichroism: CD spectra for peptides I and II in methanol are shown in Figure 9 . Both peptides exhibit intense CD bands in the region below 230 nm; this is indicative of the presence of the substantial secondary structure. The difference in the spectra of peptides I and II may arise from the Figure 9 . CD spectra of peptides I and II in methanol (300 K).
contribution of the two Phe residues to the far-UV CD spectrum of peptide I. Aromatic contributions to the far-UV CD spectra of peptides cannot be ignored [24] and, in the present case, the proximity of Phe (11) and Phe(16) in a bhairpin may be expected to significantly distort the spectrum. [25] Inspection of the spectra in Figure 9 suggests that both helical and hairpin components are indeed contributing. While short helical segments are expected to have a weak band at 218 ± 220 nm, which accompanies a relatively strong band at 205 ± 208 nm, [26] b-hairpins exhibit a broad negative band at 214 ± 220 nm. [4a,b, 10b] 
Conclusion
The results presented in this report establish that conformationally well-defined modules of peptide secondary structure can be covalently assembled into larger units, without significantly altering the local conformation of the module. The structural analyses described in the present work have been carried out in methanol and generally support both isolated helical and hairpin conformations. In less polar media, such as chloroform, aggregation, presumably by association of the outer faces of the b-strands, becomes important. In a more strongly solvating medium such as DMSO, solvent invasion of the peptide backbone limits the extent of secondary-structure formation. Strategies for achieving globularity may be important in protecting intramolecular hydrogen bonds from disruption by strongly interacting solvents. The ability to construct short peptide segments that adopt relatively robust helical and b-hairpin conformations may be used to advantage in developing a ªLegoº approach to the elaboration of synthetic polypeptides that adopt complex folding patterns. The use of backbone conformational constraints as a means of nucleating specific conformations allows design strategies to be dictated by the appropriate choice of amino acid building blocks. This approach places fewer demands on solvent forces in maintaining peptide-folding patterns. In its present state of development, this approach may be termed ªmolecular carpentryº as it results in polypeptide objects of reasonably well-defined shapes. Extension by the positioning of functionally active residues on these scaffolds may allow evolution of this strategy to the domain of molecular engineering. Indeed, small peptides that possess pre-organized b-turn and b-hairpin scaffolds have been used to generate moderately enantioselective peptide catalysts for acyl-transfer reactions. [27] Experimental Section Peptide synthesis: Peptides I and II were synthesized by conventional solution-phase methods [10f] by using a fragment condensation strategy. The tert-butyloxycarbonyl (Boc) group was used for N-terminal protection, while the C terminus was protected as a methyl ester. Deprotections were performed with 98 % formic acid and saponification for the N and C termini, respectively. Couplings were mediated by dicyclohexylcarbodiimide NMR spectroscopy: NMR studies were carried out on a Bruker DRX-500 spectrometer. All two-dimensional experiments were done in the phasesensitive mode with time-proportional phase incrementation. DQF-CO-SY, [28] TOCSY, [29] NOESY, [30] and ROESY [31] experiments were performed by collecting 1000 data points in f2 and 512 data points in f1 with a spectral width of 5500 Hz. Solvent suppression was achieved by using presaturation (with a 55 dB pulse in recycle delay of 1.5 s). Data were processed on a Silicon Graphics Indy work station with Bruker XWIN NMR software. Typically, a sine-squared window function, phase shifted by p/2 radians, was applied in both dimensions. Data in f1 were zero-filled to 1000 points. Mixing times of 300 ms were used in NOESY experiments. A spin-lock mixing time of 300 ms was used in ROESY experiments and a 70 ms mixing time was used for TOCSY experiments. The sample concentration was $ 3 mm and the probe temperature was maintained at 300 K or 270 K as desired. Coupling constants were measured from resolution-enhanced onedimensional spectra.
Circular dichroism (CD): CD spectra were recorded on a JASCO J-715 spectropolarimeter. The instrument was calibrated with d()-10-camphor sulfonic acid. The path length used was 1 mm. The data were acquired in the wavelength scan mode, with a 1 nm band width and a step size of 0.2 nm. Spectra were acquired at 300 K with peptide concentrations of 0.1 mg mL
À1
. Typically, 8 scans were acquired from 260 ± 195 nm by using a scan speed of 50 nm min
. The resulting data were baseline-corrected and smoothed.
